This paper investigates the concept and implementation of an energy harvesting device using a ferrofluid sloshing movement to generate an electromotive force (EMF). Ferrofluids are often applied to energy harvesting devices because they have both magnetic properties and fluidity, and they behave similarly to a soft ferromagnetic substance. In addition, a ferrofluid can change its shape freely and generate an EMF from small vibrations. The existing energy harvesting techniques, for example those using piezoelectric and thermoelectric devices, generate minimal electric power, as low as a few micro-watts. Through flow analysis of ferrofluids and examination of the magnetic circuit characteristics of the resultant electromagnetic system, an energy harvester model based on an electromagnetic field generated by a ferrofluid is developed and proposed. The feasibility of the proposed scheme is demonstrated and its EMF characteristics are discussed based on experimental data.
Introduction
Energy harvesting is the process by which energy is derived from external sources and stored in small devices used in wearable electronics. The energy source for energy harvesters is present as ambient background and is therefore freely available. Examples of sources include vibration, wind power, wave power, and thermal temperature gradients. Here, we focus on vibration as a representative source which can be converted into electric power in the environment.
Mechanical vibration is a very attractive energy source due to its abundance [1] [2] [3] [4] . Some vibration sources in the environment include electric motor rotation, wind power, wave power, vehicle motion, human movement, and seismic vibrations all of which vary widely in both frequency and amplitude. Vibration energy can be harvested using several methods, such as piezoelectric, electrostatic, and electromagnetic transduction. Piezoelectric energy harvesters provide higher output voltages and are more efficient for relatively high vibration frequencies. Electromagnetic energy harvesters are better candidates for low frequency vibrations [5] , however, their generated peak output voltage is relatively low. In addition, the design of the applied power electronics and electromagnetic systems in the device are crucial in delivering the harvested power to the load efficiently. Various harvester configurations have been studied, with the basic concept remaining the same. The core principle is that external vibrations are used to set a permanent magnet in motion relative to a stationary induced voltage coil. As per Faraday's law, the change of magnetic flux produces a current in the induced voltage coil which can then drive an electrical device. This paper investigates a ferrofluid (magnetic fluid) based electromagnetic energy harvester which has ferromagnetic back yoke. In the past, studies by Bibo et al. are including an induced voltage according to magnetic field intensity and frequencies of external vibration. However, research of this kind is not considered a back yoke which makes closed magnetic flux path [6] . Configuration of closed magnetic circuit increases the amount of magnetic flux linkage passing ferrofluid by changing the operating point of the permanent magnet. This method is frequently used to increase the magnetic flux for magnetic sensor system [7, 8] . Use of back yoke is necessary because the amount of magnetic flux generated by energy harvester is small. It is the cause of the increasing sensitivity of flux variation.
In this paper, the ferromagnetic core is used as a back yoke for an electromagnetic energy harvester and ferrofluid is adopt as a moving magnetic material. Ferrofluids are colloidal liquids made of nanoscale permanent magnetic dipoles and a ferrofluid can change shape freely and generates an electromotive force (EMF) from small vibrations. Ferrofluids are often applied to energy harvesting devices, because they have fluidity and magnetic properties and behave like soft ferromagnetic substance [9] [10] [11] . The existing energy harvesting techniques mentioned previously, along with thermoelectric devices, generate minimal electric power only, as little as a few micro-watts. Here, through studies on the flow analysis of ferrofluids and the magnetic circuit characteristics of the resultant electromagnetic system, an energy harvester model based on an electromagnetic field generated by a ferrofluid is developed and proposed. Then, the feasibility of the proposed method is shown and its EMF characteristics are discussed through the use of experimental data.
Harvester Design with
Experimental Setup Fig. 1 is a diagram of the proposed energy harvester using a ferrofluid with an induced EMF coil in its core. The motion of the sloshing ferrofluid in the container changes the magnetic flux generated by the permanent magnet and creates a time-varying magnetic flux. This flux induces an EMF in a coil wound around the ferromagnetic core, thus generating an electric current.
To investigate the feasibility of the proposed concept, the experimental setup shown in Fig. 2 is constructed. A rectangular container with an area of 100 × 60 mm and a height of 50 mm is mounted on a mechanical shaker, which supplies vibrations of different speeds, ranging from 0-300 rpm. This vibration causes a sloshing motion of the ferrofluid with a frequency range of 0-5 Hz. Two groups of permanent magnets generate a magnetic flux at the top and bottom of the ferrofluid container. This flux travels through the ferromagnetic core and the ferrofluid region. Ferrofluids are stable colloidal suspensions of single-domain magnetic nanoparticles in a carrier fluid such as oil or water. The nanoparticles are usually ferroor ferrimagnetic particles with typical diameters of order 10 nm coated with a surfactant layer of 1 to 2 nm. There are two kinds of ferrofluid that are widely known and the material properties of these ferrofluids are given in Table  1 . Most of these values have been taken from measurements by Elborai and He, as documented in their respective theses [10, 11] . The first ferrofluid, MSGW11, is water-based, while the second, EFH1, is hydrocarbon-oilbased ferrofluid. The latter is used in this experiment because of relatively large magnetic permeability.
To construct a magnetic circuit, a closed magnetic flux circuit is constructed using a back iron yoke of ferromagnetic material known as 'Steel 45C', consisting of two winding groups of 600 turns around the iron core. It is possible to reduce the leakage flux using a back iron yoke around both sides of the magnet and the EMF coil. 
Induced Electromotive Force
The magnetic flux is altered by changing the magnitude of the magnetic induction generated by the sloshing motion of the ferrofluid, which is located between the lower and upper magnet surfaces of the container, as shown in Fig. 2 . Thus, the derivative of the linkage flux to the EMF coil generates an electromotive force.
The experimental conditions for a given volume of ferrofluid and a specific magnetic induction generated by the permanent magnet are shown in Table 2 . The resultant EMF by the external vibrations (ranging 0-5 Hz) are measured using an oscilloscope for each conditions. Fig.  3 gives the profile of the electromotive force of the EMF coil with respect to the vibration speed, in response to various frequencies. The generated EMF waveforms have a unique frequency and small amplitude. The frequencies by trend line of the induced EMF are 3, 4, and 5 Hz and the magnitude of the induced voltages increase in proportion to the increased vibration speed.
The root-mean-square values of the induced electromotive force are shown in Fig. 4 . The results demonstrate that variations in the ferrofluid volume influence the induced voltage of the harvester. The EMF value in the 100 ml ferrofluid case is larger than that of 200 ml case, as a result of the reduced shaking of the ferrofluid. In the 100 ml case, the EMF value is increased rapidly about 7 mV near the 4 Hz. Thus, it can be concluded that the best ferrofluid volume for this harvester design is at approximately one third of the overall container volume. Of course, this is limited in the case of the proposed harvester dimension. Fig. 5 shows alternative arrangements of the permanent magnets so that the ferrofluid in the container experiences a variety of magnetic fluxes. The B z profiles in each figure represent the magnetic flux density along the normal center line due to the effects of the lower and upper permanent magnets. Because the ferrofluid adheres to the lower magnet (as a result of the gravitational force), variation in the magnetic induction is achieved simply by altering the number of upper magnets. The magnitudes of the magnetic flux densities at the magnet surfaces in each of the arrangements are shown in Fig. 5 are 57, 82, and 94 mT, respectively, when the magnets are docked in the energy harvester. 6 illustrates the EMF profiles of the energy harvester with respect to vibration speed. The bigger the magnetic induction, the smaller the EMF values, because a large amount of ferrofluid sticks to the end of the magnet pole in the case of the three-piece magnet. Because the ferrofluid clings to the magnet pole, the sloshing motion is reduced, which in turn causes a decrease in the reluctance variation of the ferrofluid region.
Numerical Analysis
To determine the EMF characteristics of the proposed energy harvester, 2-D finite element analysis on the magnetostatic field is performed using a specially selfdeveloped program. Fig. 7 is a schematic diagram illustrating the magnetic flux linkage to the EMF coil. The magnetic flux, φ, generated by the permanent magnet is also expressed by the magnetic vector potential as (1) where, B is the magnetic flux density passing through the closed loop, A is the magnetic vector potential of the EMF coil region, and the '±' indicates the direction of the induced EMF.
The EMF is calculated by differentiating the magnetic flux linkage with respect to time. The induced voltage of the EMF coil, E a , is expressed as a differential equation of the flux linkage for a closed loop as (2) where, N is the number of turns, B is the linkage flux density, and s is the winding area. Using Stokes' theorem, the EMF formula is then rewritten as (3) where, l is the axis length of the coil, is the positive winding area, and is the negative winding area. Finally, Eq. (3) is modified to become 
where, A a+ t and A a− t denote the mean values of the magnetic vector potentials at the positive and negative windings, respectively.
Through the finite element analysis of the electromagnetic field of the energy harvester with varying parameters (such as dimensions and material properties), the optimal shape of the back iron yoke is obtained. Fig. 8 illustrates the dimensions and equi-potential line to understand the magnetic field distribution using the information from Table 3 . It can be seen that the magnetic flux generated in the lower magnet travels to the upper magnet through the ferrofluid in the container with minimal leakage flux. The external vibrations used in the experiment are artificially applied to the energy harvester by the mechanical shaker. This has a reciprocating motion and the vibration speeds are displayed in units of Hz. The vibration half-period used in the numerical simulation is calculated using Eq. (5) below, and Fig. 9 shows the sloshing phenomena modeling scheme for the ferrofluid in the container. This simulation is used to determine the parameters that generate the maximum EMF. In this setup, the reluctance difference in the magnetic circuit between two states is maximized. It is found that the calculated values of the EMF analysis are quite different to the experimental results, with approximate errors over tens of mV in the overall speed range. This is caused by the sticking phenomena, as the ferrofluid adhesion to the magnet pole cannot be taken into account in the numerical simulation. 
Conclusion
This work demonstrates the feasibility of the proposed electromagnetic energy harvester using a ferrofluid as the dynamic component. The characteristics of the EMF in the induced coil around the yoke in response to changes in the ferrofluid volume and the permanent magnet strength are investigated. We then construct an initial prototype of − 257 − the appropriate dimensions and material properties of the proposed electromagnetic energy harvester and conduct a numerical analysis of the electromagnetic field. Although the resultant power levels are small compared with those of the traditional energy harvester using magnet vibration, the proposed energy harvester has the following unique advantages: 1) Applicability to low frequency and small external vibration amplitude scenarios, and 2) increased EMF efficiency due to the use of a back iron yoke. Future avenues of research include determining the optimal parameters to further improve the harvester's power generation performance.
